Sphingobium sp. SYK-6 is a soil bacterium boasting a well-studied ligninolytic pathway and the potential for development into a microbial chassis for lignin valorization. An improved understanding of its metabolism will help researchers in the engineering of SYK-6 for the production of value-added chemicals through lignin valorization. We used 13 C-fingerprinting,
Sphingobium sp. SYK-6 is a soil bacterium boasting a well-studied ligninolytic pathway and the potential for development into a microbial chassis for lignin valorization. An improved understanding of its metabolism will help researchers in the engineering of SYK-6 for the production of value-added chemicals through lignin valorization. We used 13 C-fingerprinting, 13 C metabolic flux analysis ( 13 C-MFA), and RNA-sequencing differential expression analysis to uncover the following metabolic traits: (i) SYK-6 prefers alkaline conditions, making it an efficient host for the consolidated bioprocessing of lignin, and it also lacks the ability to metabolize sugars or organic acids; (ii) the CO 2 release (i.e., carbon loss) from the ligninolysis-based metabolism of SYK-6 is significantly greater than the CO 2 release from the sugar-based metabolism of Escherichia coli; (iii) the vanillin catabolic pathway (which is the converging point of majority of the lignin catabolic pathways) is coupled with the tetrahydrofolate-dependent C1 pathway that is essential for the biosynthesis of serine, histidine, and methionine; (iv) catabolic end products of lignin (pyruvate and oxaloacetate) must enter the tricarboxylic acid (TCA) cycle first and then use phosphoenolpyruvate carboxykinase to initiate gluconeogenesis; and (v) 13 C-MFA together with RNA-sequencing differential expression analysis establishes the vanillin catabolic pathway as the major contributor of NAD(P)H synthesis. Therefore, the vanillin catabolic pathway is essential for SYK-6 to obtain sufficient reducing equivalents for its healthy growth; cosubstrate experiments support this finding. This unique energy feature of SYK-6 is particularly interesting because most heterotrophs rely on the transhydrogenase, the TCA cycle, and the oxidative pentose phosphate pathway to obtain NADPH. 13 C-MFA | fingerprinting | gluconeogenesis | NADPH | lignin L ignocellulosic biomass with a worldwide annual production of 200 billion tons represents the most abundant renewable carbon source on the earth for the production of biofuels and chemicals (1, 2) . Lignin is a heteropolymer that constitutes 25-35% of the woody biomass and is the second major component of the plant biomass. Lignin traditionally has been seen as a byproduct of limited usefulness and primarily has been burnt for its energy content. To make future potential biorefineries cost competitive with the petroleum industry, the current approach is to derive more value from the lignin. This approach has resulted in unprecedented research efforts in lignin deconstruction in recent years, with publications on lignin depolymerization in 2010-2013 increasing by two-to threefold in comparison with the previous decade (3) . Lignin is the only renewable and abundant polymer with aromatic units as its building blocks. Therefore, lignin has the potential to serve as a cheap feedstock for the production of various value-added chemicals that currently are produced from crude oil (4) . It has been estimated that using biomass waste for chemical production would yield at least 10 times more value than would be derived from burning it for electricity generation. For example, producing bulk chemicals from a ton of biomass would yield a value of $1,000 as against $60-$150 in value from electricity generation (5) . Lignin valorization is one of the keys to realizing an affordable and scalable industrial biorefinery (6) .
The lignin macromolecule is recalcitrant because of its structural complexity, hampering lignin valorization. Recent approaches toward lignin valorization can be generally grouped into the following categories: (i) lignin bioengineering to reduce the recalcitrance of the plant cell wall (7) (8) (9) ; (ii) chemical depolymerization (catalytic, ionic, and oxidative depolymerization) (10) (11) (12) (13) ; and (iii) lignin valorization using microbes (14, 15) . Microbial depolymerization of lignin can be performed at lower temperature and pressure than chemical depolymerization. In addition, product specificity can be improved through the use of microbes. However, a robust microbial chassis is required for effective lignin valorization. Fungal species are among the most efficient lignin degraders because they secrete some of the highly active ligninolytic enzymes, commonly referred to as "ligninases" or "lignases." The dominant ligninases produced by fungi include lignin peroxidase, versatile peroxidase, manganese peroxidase, and laccase (16) . Although fungi are effective lignin degraders, fungal genomes are difficult to engineer, thereby limiting the development of a ligninolytic technology based on fungi. Thus, attention has now shifted toward bacterial lignin degraders (17) (18) (19) .
Significance
Lignin is the only renewable and abundant polymer on the earth with aromatic units as its building blocks; however, it remains as an untapped resource. The current approach to making the biofuel industry cost competitive with the petroleum industry is to derive more value from the lignin. In this study we combined the unique approaches of both chemical engineering and biology to gain a deeper understanding of the metabolism of a soil bacterium, Sphingobium sp. SYK-6, that enables it to survive on lignin-derived monomers and oligomers. Understanding the central metabolism of SYK-6 will enable researchers to redesign the metabolic pathways of Sphingobium sp. SYK-6 more effectively to provide a renewable route for the production of products currently sourced from petrochemicals.
In the last few years, several bacteria with lignin-degrading capability have been discovered, and some of them were found to have unique pathways for the cleavage of lignin linkages (20, 21) . Sphingobium SYK-6, a soil bacterium discovered in the ponds of a kraft pulp mill, has been one of the most studied bacterial lignin degraders, and its genome was sequenced by Eiji Masai and others in 2011 (22) . SYK-6 can grow on a wide variety of lignin-derived monoaryls and biaryls, and most of the research thus far has focused on understanding its lignin catabolic pathways (23, 24) . SYK-6 is also amenable to genetic engineering, as demonstrated in an earlier work by the construction of a ligV (vanillin dehydrogenase) mutant in SYK-6 through insertional inactivation (25) . Inactivating the expression of ligV in SYK-6 is an intuitive technique for the accumulation of vanillin in SYK-6 with lignin as a feedstock, but the mutant strain lost its normal ability to grow with vanillin as the sole carbon source. These results underscore the obvious and growing need for understanding the central metabolism of SYK-6 in association with lignin degradation to establish a robust molecular and cellular biology toolbox for further manipulation and engineering of the organism for lignin valorization. 13 C metabolic flux analysis ( 13 C-MFA) is a powerful technique for determining steady-state in vivo fluxes of central metabolic pathways in living cells (26) (27) (28) (29) . 13 C-MFA also has been conducted to understand the metabolism of biofuel-and biochemical-producing microbial strains (30) (31) (32) . However, nonmodel organisms often possess uncommon metabolic pathways that could lead to inaccuracies in flux calculations. Therefore, a priori work using 13 C-fingerprinting to understand the central metabolic pathways in nonmodel species is essential before a 13 C-MFA study is performed. Recently, several studies have used multiple 13 C substrates to identify unique metabolic pathways (evaluations also called " 13 C-fingerprinting "or "
13
C-pathway analysis") and to determine product yields accurately (33, 34) . In this work we used 13 C-fingerprinting, 13 C-MFA, and RNA-sequencing (RNA-seq) data analysis to unravel the unique pathways SYK-6 has evolved with and to elucidate its central metabolism with the goal of identifying the unique metabolism that lets it survive on lignin-derived oligomers. The insights to be gained from this study will enable the optimal engineering of this organism for the purpose of lignin valorization. The 13 C-MFA to study the ligninolysis-based central metabolism of SYK-6 was performed using 13 C vanillin for several reasons. (i) Vanillin and vanillic acid are the monomers resulting from the enzymatic cleavage of the major linkages present in lignin (Fig. 1). (ii) The presence of the lignin-derived oligomers would alter the concentration of vanillin depending on the rate of bond cleavage, and this alteration in turn would change the absolute fluxes of the central metabolism. However, the relative fluxes would remain independent of the vanillin concentration present in the medium. Therefore, the relative fluxes to be measured with vanillin as a substrate are hypothesized to be approximate enough to the fluxes that would otherwise be observed in the presence of lignin oligomers. (iii) 13 C-labeled lignin-derived oligomers are not commercially available. (iv) Tracking the carbon transitions resulting from a mixture of labeled aromatic substrates is still challenging, thus preventing 13 C-MFA from computing the flux of the metabolism accurately. For example, assume that 13 C-labeled oligomers are available for all the major linkages present in lignin, as shown in Fig. 1 . The cleavage of all these units will result in a mixture of vanillic acid isotopes that are labeled at multiple positions and at varying ratios. Identifying the composition of this isotopic mixture and tracking carbon from the mixture is complicated and can result in huge inaccuracies in the flux calculation. Therefore, using 13 C-vanillin as a representative carbon substrate to study the ligninolysis-based central metabolism of SYK-6 is a reasonable approximation.
Results
Carbon Substrate Utilization. To understand carbon substrate preference by Sphingobium sp. SYK-6, cultures of SYK-6 were grown in minimal medium containing different carbon substrates ( Table 1 ). The mass distributions of amino acids or the mass isotopomer distribution (MID) obtained from cells fed with different labeling substrates are presented in SI Appendix, Table  S1 . (The abbreviations "m0," "m1," and "m2," and so forth, present in the MID stand for the mass isotopomer fraction of unlabeled, singly-labeled, doubly-labeled, and multi-labeled amino acids, respectively.) Cells grew well in the presence of vanillin (the preferred substrate for SYK-6) and reached a maximum OD 600 of ∼0.7 in 6 d. The resulting proteinogenic amino acids from 13 C-vanillin tracer experiments were highly labeled. SYK-6 grew very poorly in the glucose medium with yeast extract, reaching an OD 600 of about 0.16 in 6 d after inoculation. From Fig. 2 , it can be seen that the amino acids obtained 
from cultures fed with 13 C-glucose were highly unlabeled (m0 >90%), clearly indicating that SYK-6 lacks essential enzymes for glucose catabolism. Indeed, annotation of the genes encoding enzymes of the phosphotransferase system (PTS), which mediates the transport and phosphorylation of extracellular glucose into glucose-6-phosphate, is missing in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Thus SYK-6 cannot obtain reducing cofactors, NAD(P)H, or building blocks from glycolysis of sugar substrates. We also tested cell growth using only organic acids (common substrates for bacterial species) for 6 d. In the cultures fed with acetate and in the absence of yeast extract, the cell OD 600 reached only 0.1. Cell OD 600 was also low (0.16) in cultures fed with pyruvate, a product of the vanillin catabolic pathway. The incorporation of carbons from 13 C-acetate or 13 C-pyruvate into SYK-6 biomass can be verified by a decrease in m0 for several of the amino acids (Fig. 2) . A high m0 (>0.90) for valine, methionine, phenylalanine, lysine, and histidine (SI Appendix, Table S1 ) from 13 C-acetate-or 13 C-pyruvate-fed cultures also indicates that SYK-6 was not able to synthesize those amino acids from 13 Cpyruvate or 13 C-acetate. Therefore, the cells had to depend on the amino acids that were carried over during the inoculation, and the growth may have come to a halt as soon as the culture ran out of those particular amino acids.
Last, we tested the effect of pH on cell growth. Growth in the presence of pyruvate remained unaltered for all the tested pHs, but higher pH (7.0-8.6) improved the growth of SYK-6 in the presence of vanillin or vanillic acid (Fig. 3) . A lower pH of 6.4 was found to reduce the growth of SYK-6 drastically with vanillic acid as a carbon source. The OD 600 obtained with vanillic acid as a carbon substrate was found to be less than that obtained with pyruvate as a carbon substrate at a pH of 6.4. These results indicating that SYK-6 prefers alkaline growth conditions are not surprising, given that the bacterium was initially isolated from high-pH waste streams from a pulp mill. Therefore, SYK-6 can serve as an efficient host for the consolidated bioprocessing of lignin.
Tetrahydrofolate-Dependent C1 Metabolism of SYK-6. Demethylation is an essential step involved in the conversion of some of the important lignin-derived monomers into the key central metabolites pyruvate and oxaloacetate (35, 36) . Earlier works have reported the presence of demethylation in various organisms (e.g., Pseudomonas sp. Strain ATCC 19151 and Acetobacterium dehalogenans) that use vanillate as the carbon substrate (37, 38) . In the ligninolytic pathways of SYK-6, demethylation occurs during three major reactions: (i) during the conversion of vanillic acid into protocatechuic acid, (ii) during the conversion of syringate into 3-O-methylgallate, and (iii) during the conversion of 3-O-methylgallate into gallate. Demethylation in SYK-6 has been shown to occur in the presence of the products of either syringate O-demethylase gene (desA) or tetrahydrofolate-dependent O-demethylase gene (ligM) (35, 36) . Earlier works have shown that the methyl group cleaved from the three metabolites (vanillate, syringate, and 3-O-methylgallate) participates in a tetrahydrofolate (THF)-dependent metabolic pathway (C1-THF) for amino acid and nucleic acid synthesis (36, 39, 40) .
To identify the fate of the methyl group in the amino acid pool precisely, SYK-6 was cultivated with a vanillin substrate in which the 13 C label was in the methoxy position. Detailed mass isotopomer analysis indicated that only methionine, serine, and histidine were labeled (Fig. 4) . These data clearly indicate that the methyl group liberated from vanillin was being used for the biosynthesis of these three amino acids. Also, methionine was the most highly labeled of the three amino acids, indicating a high flux toward methionine synthesis from the C1-THF-dependent pathway. In addition, our labeling data suggest that serine and histidine are synthesized in almost equal proportions by other competing pathways. Moreover, genome annotation confirmed the presence of the following genes belonging to the C1-THF pathway: SLG_ 02620 (cobalamin-independent methionine synthase); SLG_12750 (5,10-methylenetetrahydrofolate reductase, metF); SLG_29740 (glycine hydroxymethyltransferase, glyA); SLG_12760 (10-formyltetrahydrofolate synthetase, ligH); SLG_03300 and SLG_20320 (methenyltetrahydrofolate cyclohydrolase, folD); and SLG_03300 and SLG_20320 (5,10-methylenetetrahydrofolate:NADP oxidoreductase). The C1 pathway deduced from our study for the synthesis of methionine and serine in SYK-6 is shown in Fig. 4A .
Histidine obtained its labeled carbon from the C1-THF pathway via a more indirect route. SI Appendix, Fig. S1 shows that the labeled carbon of N 10 -formyl THF produced from the C1-THF pathway takes part in the synthesis of AMP in a pathway that has ribose-5-phosphate (R5P) as its primary precursor. AMP in turn takes part in the synthesis of ATP, thereby transferring its labeled carbon to ATP. The labeled ATPs contribute some of their labeled carbons to histidine biosynthesis as they take part in a ninestep metabolic pathway (Fig. 4B) . However, the KEGG map for SYK-6 has a missing annotation for one gene (for the conversion of L-histidinol phosphate to L-histidinol) of the 10 genes that are required for the conversion of R5P to histidine, and the loci of this gene need to be identified. The labeled carbon in histidine that was derived from ATP is shown in blue in Fig. 4B .
Formic acid is a well-known C1 source for the C1-THF pathway (41, 42) . To probe the C1 metabolism further, SYK-6 was fed with (i) pyruvate plus 13 C formate and (ii) vanillin plus 13 C formate. In the cells fed with 13 C formate in the presence of pyruvate, only serine was labeled among the three amino acids that were found to be synthesized from C1-THF pathway. When SYK-6 was fed vanillin plus 13 C formate, both serine and histidine were labeled, leaving methionine unlabeled (Table 2 ). These observations indicate that the carbon from formate was not used for methionine synthesis. The absence of methionine synthesis from formate could be caused either by the irreversibility of the reaction N 5 -methyl-THF → N 5 ,N 10 -methylene-THF (catalyzed by 5,10-methylenetetrahydrofolate reductase) or by the very low activity of 5,10-methylenetetrahydrofolate reductase in the reverse direction, because it is NADH dependent (43) . Also, when SYK-6 was fed with pyruvate plus 13 C formate, few amino acids other than serine were discovered to be labeled and this pathway needs to be elucidated through future studies (Table 2 and SI Appendix, Table S1 ).
Cataplerotic Pathways of the Tricarboxylic Acid Cycle. The anaplerotic/cataplerotic pathways play a significant role in regulating the flux of the tricarboxylic acid (TCA) cycle (44) . The cataplerotic pathways convert the four-carbon intermediates of the TCA cycle, malate and oxaloacetate, to pyruvate and phosphoenolpyruvate (PEP), via two parallel routes. The first step in this path is a singlereaction pathway catalyzed by the malic enzyme that converts malate directly to pyruvate. The second cataplerotic pathway converts oxaloacetate into PEP. To confirm the cataplerotic pathway, SYK-6 cultures were grown in the presence of either 1- (Fig. 5) . A more probable way for all of the three carbons of pyruvate (the alanine precursor) to be labeled is through the cataplerotic pathway. Furthermore, the MID data from 1-13 C acetate-fed SYK-6 cultures provide additional proof of the presence of cataplerotic pathways in SYK-6 (Table 3 ). An m1 of 0.13 was present for [M-57] but dropped to 0.03 for [M-159] , suggesting that about 10% of the pyruvate in SYK-6 had a carbon in the first position labeled via cataplerotic pathways.
13
C-MFA of Ligninolysis-Based Metabolism.
C-MFA using parallel labeling experiments with vanillin was conducted to shed light on the central metabolism of Sphingobium sp. SYK-6. The flux map is presented in Fig. 6 . In Sphingobium sp. SYK-6, a vanillin molecule is broken down to a pyruvate, an oxaloacetate, and a C1 unit. Pyruvate and oxaloacetate are both key intermediates in the central carbon metabolism and are precursors to building blocks, such as aspartate and alanine. As a consequence, vanillin degradation leads to strong fluxes in the TCA cycle (>70 units) and gluconeogenesis pathways, especially in the oxaloacetate→PEP reaction. Because of the highly negative Gibbs free energy (ΔG Θ = −31.7kJ/mol) of the PEP→pyruvate reaction, pyruvate cannot be favorably converted to PEP directly (46) . Therefore, the ligninolysis coproduct pyruvate must be rerouted through the TCA cycle to start the gluconeogenesis from oxaloacetate. As shown in the flux map, more than 66 flux units are observed for oxaloacetate conversion via PEP carboxykinase (i.e., the rate-controlling step of gluconeogenesis). Moreover, the glyoxylate shunt had a minimal flux that cannot reduce carbon loss from the TCA cycle. Additionally, the flux (approximately five units) through the nonoxidative pentose phosphate pathway (PPP) is indispensable and provides building blocks such as erythose-4-phosphate and R5P for biomass synthesis. Last, Sphingobium sp. SYK-6 grown with vanillin shows ∼60% carbon loss as CO 2 compared with the ∼30% carbon loss observed in glucose-fed Escherichia coli (31). The greater CO 2 loss indicates that the energy requirement is more demanding, and therefore biomass synthesis is less efficient in SYK-6 than in E. coli.
For energy metabolism, the TCA cycle provides rich sources of reducing power via NADH, which is necessary for powering gluconeogenesis and oxidative respirations for ATP generation. However, key enzymes of the OPP pathway are not annotated, and the absence of the OPP pathway suggests that cell metabolism must find an alternative route for NADPH production. Consequently, the ligninolysis pathway becomes indispensable, because it produces both NADH and NADPH. Its NADPH production derives mainly from the dehydrogenation reaction of vanillin to vanillate (catalyzed by vanillin dehydrogenase, LigV) and the enzymatic conversion of 4-carboxy-2-hydroxymuconate-6-semialdehyde (CHMS) to 2-pyrone-4,6-dicarboxylate (PDC) (catalyzed by CHMS dehydrogenase, LigC) (25, 47) . The essential role of the vanillin-degrading pathway explains the inability of SYK-6 to grow well using pyruvate or acetate. Unlike glycolysis, which supplies both ATP and NADH, a strong gluconeogenesis activity results in the consumption of ATP and NADH. If we assume that SYK-6 and E. coli require the same amount of ATP for biomass synthesis (31), the net ATP requirement from respirations for Sphingobium sp. SYK-6 is even higher. The ATP gap is compensated by oxidizing NADH, which is generated mainly from the TCA cycle and vanillin degradation.
RNA-Seq Analysis of the Differential Expression of Genes Involved in
NAD(P)H Metabolism. RNA-seq is a highly sensitive and accurate technique for measuring the expression levels of various genes at the transcriptome level and can be used to validate our findings from the fluxomics study. Therefore, RNA-seq data analysis was performed with SYK-6 cells grown in the presence of one of the following substrates: vanillin, guaiacylglycerol-β-guaiacyl ether (GGE), or pyruvate. The dimeric compound GGE was chosen over other dimers for this analysis because the β-O-4 linkage represents the most abundant bond present in lignin (Fig. 1) . The heat map for the differential expression of genes involved in NAD(P)H metabolism is shown in Fig. 7 . The fold changes in the expression of genes are reported for cells grown in the presence of vanillin (a monomeric product of lignin) or GGE (a dimeric product of lignin) vs. cells grown in the presence of pyruvate. In comparison with the genes of the central metabolic pathway involved in the generation of NAD(P)H, the CHMS dehydrogenase gene ligC, belonging to the vanillin catabolic pathway, was expressed at the highest level in the presence of both vanillin and GGE. However, the expression levels of the TCA cycle genes (icd, sucA, sucB, and mdh) were less than 50% of ligC. In addition, the expression level of the cataplerotic pathway gene maeB (malic enzyme) was lower than that of mdh (malate dehydrogenase). This observation is in agreement with the results of the 13 C-MFA showing that the conversion of TCA cycle metabolites into gluconeogenesis intermediates happens largely via oxaloacetate (OAA) and not directly from malate. The orphan gene of the OPP pathway, zwf, had some level of expression in the presence of vanillin; therefore it is unclear whether this lone gene of the OPP pathway is involved in NADPH production. The nicotinamide nucleotide transhydrogenases play a crucial role in the energy metabolism of a cell through the interconversion of NADH and NADPH. With the absence of a complete OPP pathway in SYK-6, the transhydrogenases must play a more important role in SYK-6 in the generation of NADPH from NADH. The RNA-seq data confirm this hypothesis with the detection of high levels of expression for three of the transhydrogenasespntB, pntAB, and pntAA-in the presence of vanillin and GGE.
The mRNA for the phosphoglycerate kinase gene (pgk) of the gluconeogenesis pathway that uses an NADH for the conversion of 3-phosphoglycerate (3PG) into glyceraldehyde 3-phosphate (GAP) was also found at high levels (shown in dark blue in Fig. 7 ) in the presence of vanillin. With a highly active gluconeogenesis pathway, the cells need an extra source for NADH generation apart from the TCA cycle, and therefore the lignin catabolic pathway is indispensable for the healthy survival of SYK-6. The RNA-seq analysis provides further strong evidence that the lignin catabolic pathway plays a major role in supplying reducing equivalents for SYK-6, taking over the TCA cycle that is commonly the major supplier of NADH in most microbes. 
Discussion
In this study, we have discovered several traits of SYK-6 metabolism by using a rapid 13 C-based technique, 13 C-fingerprinting. The experiments proved that SYK-6 lacks the ability to use glucose and xylose as its carbon source even with the supplementation of yeast extract. Vanillin was found to be the most preferred carbon substrate by SYK-6 among the different substrates that were tried in this study. Pyruvate, acetate, and formate were also tested with SYK-6 and were found to be metabolized to a small extent. Experiments conducted to verify the influence of initial medium pH on the growth of SYK-6 in the presence of pyruvate, vanillin, and vanillic acid suggested that SYK-6 is highly tolerant of high pH conditions (Fig. 3) . To verify if cosubstrate metabolism is required for the growth of SYK-6, experiments were conducted that included oxaloacetate (the other catabolic product of vanillin), aspartate (the amino acid precursor to oxaloacetate), and formic acid (C1 carbon) along with pyruvate. However, none of these cosubstrates encouraged SYK-6 to grow at levels similar to those observed with vanillin as the carbon source (Fig. 8) . This result further confirms that ligninolysis is an essential pathway for the cell to obtain its reducing equivalents.
The ligninolysis pathways, such as the β-aryl ether cleavage pathway, the biphenyl cleavage pathway, and others, result in the formation of either vanillin or vanillic acid (23) . Therefore, vanillin is at a pivotal location in the lignin catabolic pathways of SYK-6, and a study based on vanillin metabolism is important step toward lignin valorization. The labeling experiments revealed that the C1-THF pathway contributes C1 units for the synthesis of methionine, serine, and histidine. Methionine was synthesized from homocysteine and N Fig. S2 ). The presence of carbon from the C1-THF pathway in histidine confirmed the presence of an active nonoxidative PPP. The oxidative portion of the PPP in SYK-6 is incomplete, and only the first gene responsible for the conversion of glucose-6-phosphate into 6-phosphoglucono-lactone is known for SYK-6. There are a few other organisms that lack the OPP pathway. For example, Methanocaldococcus jannaschii is a methanogenic archaea that lacks an active PPP but uses a ribulose monophosphate pathway for the synthesis of ribulose-5-phosphate and R5P (48) . Because the PPP is the major source of NADPH in bacteria, this finding is important for understanding SYK-6 metabolism. Also, the labeling experiments show no evidence for a functional Entner-Doudoroff (ED) pathway in SYK-6. The genome, however, confirms the presence of the two genes of the ED pathway, edd and eda, coding for phosphogluconate dehydratase and 2-keto-3-deoxygluconate 6-phosphate aldolase, respectively. These two genes are required for the conversion of 6-phosphogluconate into pyruvate and glyceraldehyde 3-phosphate. However, the OPP gene required for the formation of 6-phosphogluconate from 6-phosphogluconolactone is unannotated in SYK-6. Therefore, the ED pathway is essentially like an island in the metabolic pathway map of SYK-6. Also, in comparison with some of the essential genes in SYK-6, the transcript levels of both edd and eda were very low (SI Appendix, Fig. S2 ). Last, cataplerotic pathways and gluconeogenesis that act as a liaison between the intermediates of the TCA cycle and the OPP pathway were found to be active.
The reduced form of NADH is a crucial cofactor for the survival of a cell because it drives several metabolic reactions, maintains the normal redox status of the cell, and is involved in energy metabolism and production (49, 50) . Therefore, a cell with active gluconeogenesis but lacking a glycolysis pathway must be under huge stress because of the heavy burden placed on its The flux values are all relative to the vanillin uptake rate. 3PG, 3-phosphoglycerate; 6PG, 6-phosphogluconate; AceCoA, acetyl-CoA; AKG, α-ketoglutarate; CHMS, 4-carboxy-2-hydroxymuconate-6-semialdehyde; CIT, citrate; E4P, erythrose 4-phosphate; F6P, fructose 6-phosphate; FUM, fumarate; G6P, glucose 6-phosphate; GAP, glyceraldehyde 3-phosphate; GLX, glyoxylate; ICT, isocitrate; MAL, malate; OAA, oxaloacetate; PDC, 2-pyrone-4,6-dicarboxylate; PEP, phosphoenolpyruvate; PYR, pyruvate; R5P, ribose 5-phosphate; Ru5P, ribulose-5-phosphate; S7P, sedoheptulose-7-phosphate; SER, serine; SUC, succinate; SucCoA, succinyl-CoA; X5P, xylulose-5-phosphate.
NADH pool. The 13 C-MFA results in our study also affirm that the vanillin catabolism and the central pathways produces excessive NAD(P)H, which can be oxidized for ATP synthesis to satisfy cell growth, maintenance, and ligninolytic enzyme production. From this perspective, the presence of ligninolytic pathways in SYK-6 not only may have provided SYK-6 with a pathway for the utilization of a carbon source that would be rejected by other microbes but also might have relieved the stress experienced by the cell from cofactor imbalance by producing two NAD(P)H from vanillin. In addition, some of the catabolic pathways from the breakdown of lignin oligomers to vanillin formation also produce NADH, adding to the NADH pool. As an example, the formation of α-(2-methoxyphenoxy)-β-hydroxypropiovanillone from GGE (a β-aryl ether model compound) in the ligninolytic pathway involves the formation of one NADH (23) . A low cell density observed in SYK-6 fed with either pyruvate or acetate also may be caused by the absence or inactivity of ligninolytic pathway that provides NAD(+)/NADH balance.
Last, this study provides insights into the energy metabolism of SYK-6. In common heterotrophic microbial species, these catabolic pathways (EMP, OPP, ED, and the TCA cycle) are major sources of NAD(P)H that tightly regulate cell functions and biosynthesis. However, SYK-6 employs an entirely different strategy by using the ligninolysis pathway as a major route to obtain NADH and NADPH, replacing the OPP pathway and glycolysis routes. Such unique energy generation from a recalcitrant substrate not only may play a key role for in the cell's survival but also may offer guidelines for SYK-6 engineering, which must carefully account for cofactor balances during the reorganization of cell fluxomes. We hypothesize that vanillin has the following advantages as a carbon source for SYK-6: (i) It is a carbon source that is least preferred by other microbes and thus SYK-6 encounters less competition in the environment; (ii) it provides intermediates (pyruvate and oxaloacetate) of a central metabolic pathway without any carbon loss; and (iii) it generates reducing equivalents to compensate for the absence of glycolysis and the presence of gluconeogenesis.
Conclusion
Gene annotations do not always reflect the actual functions of the corresponding pathways. To decipher the ligninolysis-based metabolism in Sphingobium sp. SYK-6, this study aimed to unravel its fluxome for catabolizing oligomers derived from recalcitrant Fig. 7 . Heat map of differentially expressed genes involved in NAD(P)H metabolism of Sphingobium SYK-6 based on RNA-seq data analysis. The fold changes are reported for cells grown in the presence of vanillin (a monomeric product of lignin) or GGE (a dimeric product of lignin) vs. cells grown in the presence of pyruvate (a carbon source lacking the vanillin catabolic pathway). A plus or minus sign indicates that the corresponding gene is involved in the production or consumption of NAD(P)H, respectively. The results are shown in triplicate for each carbon source, and each column represents the results from one of the biological replicates. 3PG, 3-phosphoglycerate; 6PGL, 6-phosphogluconolactone; CHMS, 4-carboxy-2-hydroxymuconate-6-semialdehyde; PDC, 2-pyrone-4,6-dicarboxylate; AceCoA, acetyl-CoA; AKG, α-ketoglutarate; G6P, glucose 6-phosphate; GAP, glyceraldehyde 3-phosphate; GGE, Guaiacylglycerol-β-guaiacyl ether; ICIT, isocitrate; MAL, malate; MPHPV, α-(2-methoxyphenoxy)-β-hydroxypropiovanillone; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PYR, pyruvate; SucCoA, succinyl-CoA. Fig. 8 . Growth of SYK-6 in the presence of multiple substrates. This experiment was designed to verify the cosubstrate metabolism of SYK-6. However, the addition of other carbon intermediates to cultures containing pyruvate did not improve the growth of SYK-6. This experiment supports the need for the vanillin catabolic pathway to provide the extra NAD(P)H to boost the growth of SYK-6. Asp, aspartate; Form, formate; OAA, oxaloacetate; Pyr, pyruvate.
heterogeneous polymeric lignin. Using 13 C-fingerprinting, 13 C-MFA, and RNA-seq data analysis, we have deciphered both carbon and energy metabolisms in SYK-6. This work sheds light on the unique physiologies of a ligninolytic bacterium using an uncommon aromatic substrate, which is particularly innovative because none of the previous fluxomics studies have used a lignin-derived carbon substrate. Based on the fluxome results, we determine that the lignin catabolic pathway plays a critical role in maintaining the NAD(+)/NADH balance in SYK-6 along with ATP production. Therefore, any efforts to engineer SYK-6 to synthesize highvalue product from lignin must ensure that the redox state of the cell remains unaffected. For example, knocking out genes of the vanillin catabolic pathway may not be a straightforward way to accumulate vanillin or vanillic acid, because doing so would interfere severely with the cell's energy metabolism. Instead, knocking down the vanillin catabolic pathway or combining the knockout of the vanillin catabolic pathway with overexpression of the OPP pathway genes to balance the cofactors may prove to be productive approaches for lignin valorization but needs to be validated through further research. The pioneering research work reported here provides an unprecedented understanding of the physiology of SYK-6 and will be of immense value for future research on engineering SYK-6 as a microbial chassis for lignin valorization.
Materials and Methods
Chemicals, Culture Medium, and Growth Conditions. All chemicals and 13 C-labeled carbon substrates were purchased from Sigma-Aldrich or Cambridge Isotope Laboratories as required. Sphingobium sp. strain SYK-6 (NBRC 103272) was grown in LB or W minimal salt medium at 30°C in 125-mL or 250-mL glass flasks and the agitation of the shaker was maintained at 200 rpm. (51) . Growth of SYK-6 was monitored by measuring OD 600 using a UV spectrophotometer. 16S ribosomal DNA (rDNA) sequencing of the strain was confirmed by sequencing the bacterial pellet by Genewiz Inc.
13
C Cultures for Fingerprinting and Parallel Labeling Experiments. A seed culture of Sphingobium SYK-6 was started in LB medium from the frozen glycerol stock. After 2 d of growth in the LB medium, the seed culture was transferred to W medium containing appropriate 13 C carbon substrates (Table 1) at an inoculation ratio of 1% (vol/vol). The biomasses for the fingerprinting experiments were harvested 6 d after the culture was started in minimal medium. The parallel labeling experiment for the flux work was conducted as follows. SYK-6 cultures were grown in parallel in W medium containing three different 13 C isotopes of vanillin: (i) 13 C phenyl vanillin; (ii) 13 C-aldehyde vanillin; and (iii) 50% 13 C ring vanillin and also 50% 13 C aldehyde vanillin. The exponentially growing cultures from the labeled medium were transferred to fresh 13 C-labeled medium to minimize the influence of carryover from the LB medium. The biomass samples for amino acid analysis were collected during the exponential phase (SI Appendix, Fig. S3 ). The biomass samples were stored at −20°C until further analysis.
Proteinogenic Amino Acid Analysis for Mass Isotopomer Distributions. The proteinogenic amino acids from the biomass were hydrolyzed using 6-M HCl for 24 h at 100°C. The amino acids were derivatized with N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide (TBDMS) with tetrahydrofuran as the solvent (52) . The derivatized amino acids were analyzed for their 13 C mass fraction by GC-MS using a Hewlett Packard 7890A gas chromatograph and an Agilent Technologies 5975C GS-MS system equipped with a DB5-MS column (J&W Scientific) (53 Si (3.09%) contributes background noise to the mass isotopomer spectrum. Therefore the MIDs were corrected for the natural stable isotopes using a published algorithm; the detailed protocol can be found in ref. 55. 13 C-MFA. The 13 C-MFA model was constructed in MATLAB R2015b, using the elementary metabolite units (EMU) algorithm (56) to simulate the labeling patterns of proteinogenic amino acids. Our model also accounted for the reversibility of reactions (57) . The metabolic reactions are listed in SI Appendix, Table S2 . The built-in function of MATLAB, fmincon, was used to minimize the differences between simulation and experiment results, i.e., the value of the objective function. To avoid local minima, more than 100 random initial guesses were tested, and the best fit was chosen as the minimum value of the objective function. SI Appendix, Fig. S4 shows the comparison between experimentally obtained MIDs and the computationally obtained MIDs. The confidence interval was calculated using the Monte Carlo method (58) in which the MID data were perturbed with normally distributed noise (μ = 0, δ = 0.01) 1,000 times, and a new set of flux predictions was generated each time. Our model was constructed to find the best fit for the MIDs obtained from the SYK-6 cells grown simultaneously on three different labeled vanillin substrates. The MATLAB software for flux analysis (WUFlux) can be downloaded from the website (www.13cmfa.org/).
RNA-Seq and Differential Expression Analysis.
A seed culture of Sphingobium SYK-6 was started in fresh LB medium from a frozen glycerol stock. One milliliter of the overnight culture was transferred into 20 mL of fresh LB medium and cultured at 30°C, 220 rpm until it reached an OD 600 of 1.0-1.2. The cultures were collected and spun down at 5,000 rpm at 4°C for 5 min. The cell pellets were rinsed three times with W medium and were resuspended in 20 mL of W medium containing one of the following carbon substrates: vanillin, GGE, or pyruvate. Cultures with each carbon substrate were grown in triplicate. After 6 h of growth in the minimal medium, the cultures were centrifuged to remove the supernatant. The cell pellets were frozen immediately in liquid nitrogen for 20 min and stored at −80°C. RNA library preparation, sequencing, and data analysis were performed by SeqWright Genomic Services (GE Healthcare). In brief, the frozen pellets were ground by a mortar and pestle containing liquid nitrogen, and the total RNA was extracted using TRIzol (Invitrogen) reagent as previously described (59, 60) . The extracted total RNA was purified using the RNeasy mini kit (Qiagen). The quality and integrity of the total RNA were examined using an Agilent 2100 Bioanalyzer. The RNA library was constructed using the TruSeq RNA Library Preparation Kit (Illumina) and sequenced using a NextGen Sequencing machine (Illumina). The adapter sequences were trimmed from the sequence data using Trim galore v0.3.3. The sequences then were aligned to the reference genome of SYK-6 (downloaded from Joint Genome Institute, https://gold.jgi.doe.gov/) using Tophat 2.0.8b, and gene-expression differential analysis was performed using Partek Genomics Suite 6.6.
